Abstract Hydrogen sulphide (H 2 S) is a gaseous signalling molecule that regulates blood flow and pressure. It is synthesised from cysteine via cystathionine b-synthase and cystathionine c-lyase. We examined whether thiol precursors of H 2 S, transsulphuration pathway gene variants (CBS-844ins68 and CTH-G1364T) and key B-vitamin cofactors might be critical determinants of hypertension in an elderly Australian population. An elderly Australian retirement village population (n = 228; age 65-96 years, 91 males and 137 females) was assessed for the prevalence of two transsulphuration pathway-related variant genes associated with cysteine synthesis and hence H 2 S production. Thiols were determined by HPLC, genotypes by PCR and dietary intake by food frequency questionnaire. Homocysteine levels were statistically higher in the hypertensive phenotype (p = 0.0399), but there was no difference for cysteine or glutathione. Using nominal logistic regression, cysteine, CTH-G1364T genotype, dietary synthetic folate and vitamin B 6 predicted clinical phenotype (determined as above/below 140/90 mm Hg) and then only in female subjects (p = 0.0239, 0.0178, 0.0249 and 0.0371, respectively). Least-squares regression supports cysteine being highly inversely predictive of diastolic blood pressure: p and r 2 values \0.0001 and 0.082; 0.0409 and 0.046; and \0.0001 and 0.113 for all subjects, males and females, respectively. Additionally, CTH-G1364T genotype predicts diastolic blood pressure in males (p = 0.0217; r 2 = 0.083), but contrasts with observations for females. Overall, analyses, including stepwise regression, suggest cysteine, dietary natural and synthetic folate, vitamins B 6 and B 12 , and both genetic variants (CTH-C1364T and CBS-844ins68) are all aetiologically relevant in the regulation of blood pressure. Hydrogen sulphide is a vasorelaxant gasotransmitter with characteristics similar to nitric oxide. Cysteine and the G1364T and 844ins68 variants of the cystathionine c-lyase and cystathionine b-synthase genes, respectively, are the biological determinants of H 2 S synthesis, and all three are shown here to influence the hypertensive phenotype. Additionally, B-vitamin cofactors for these three enzymes may also be important determinants of blood pressure.
Introduction
Globally, the hypertensive phenotype affects 25 % of adults (Kearney et al. 2005 ) and is therefore a major concern, and if undiagnosed, it contributes to cardiovascular disease (CVD) and chronic kidney disease (Reynolds et al. 2007) . Indeed, there is a clear association between occurrence of stroke (Inoue et al. 2007 ), myocardial infarction (Elliott 2005) , heart failure (Schultz et al. 2007 ) and kidney disease (Paoletti et al. 2006) , and the degree of hypertension. Despite this, the pathoaetiology of hypertension has still not been fully elucidated. One area of emerging importance is thiol metabolism, particularly where vasculotoxic homocysteine (Hcy) and the related vasorelaxant hydrogen sulphide (H 2 S) are involved.
It is well recognised that Hcy acts as an independent risk factor for CVD, including hypertension (Parnetti et al. 2004; Zylberstein et al. 2004; Boushey et al. 1995; Zhou et al. 2001; Sutton-Tyrell et al. 1997; Nygard et al. 1997) . In this context, much work has been published in relation to the role of folic acid nutrition and genetics in lowering Hcy, including the beneficial effects of vitamins B 12 and B 6 (Lucock 2006) . However, an emerging area of interest involves the role of thiol metabolism in the endogenous production of the vasorelaxant gaseous signalling molecule, H 2 S, which regulates arterial diameter, blood flow and leucocyte adhesion and may modulate inflammation and apoptosis (Wagner 2009 ). Its character is therefore similar to the better-known gasotransmitter, nitric oxide (NO), although its origins differ; it is synthesised from cysteine (Cys), involving the enzymes cystathionine b-synthase and cystathionine c-lyase (see Fig. 1 ). Animal models lacking this latter enzyme exhibit lower H 2 S levels with reduced endothelium-mediated vasorelaxation (Yang et al. 2008) . Given the importance of this gaseous signal molecule as a newly emerging regulator of vascular blood flow and blood pressure, it is possible that thiol precursors of H 2 S and genetic variation in transsulphuration pathway genes may be critical determinants of hypertension. Furthermore, since vitamin B 6 is an important cofactor for both cystathionine b-synthase and cystathionine c-lyase and since dietary folic acid and vitamin B 12 regulate the flux of Hcy into the transsulphuration pathway, dietary intake of these B-vitamins may additionally regulate H 2 Srelated hypertension, opening up the possibility for novel nutrigenetic relationships to exist.
In order to evaluate this, we examined the effect of dietary vitamin B 12 , B 6 and both synthetic and natural folic acid, plasma Hcy and Cys, and common polymorphisms in cystathionine b-synthase (CBS-844ins68) and cystathionine c-lyase (CTH-G1364T) sometimes referred to as (CTH-G1208T) on risk for hypertension in an elderly Australian retirement village population sample. Key dietary micronutrients, transsulphuration metabolites and gene variants were determined in 228 subjects (186 normotensive and 42 hypertensive) with an age range of 65-96 years.
Methods

Study design
Subjects
A total of 228 participants (65-96 years, 91 males and 137 females) from Central Coast retirement villages, New South Wales, were assessed for the prevalence of two transsulphuration-related variant genes associated with Cys and hence H 2 S production. The average recumbent systolic and diastolic blood pressures were measured, and 186 individuals were determined to be normotensive (age range 65-96; 72 males and 114 females), and 42 were hypertensive (age range 66-89; 19 male and 23 female). Within the 228 individuals, 153 (67 %) were on one or more antihypertensive agents. Use of an antihypertensive agent did not differ significantly between the normotensive and hypertensive phenotype.
Ethics approval
University of Newcastle Human Research Ethics Committee approval-H-782-0304 and Northern Sydney Central Coast Health Human Research Ethics Committee approval-04/19 apply.
Blood analysis
HPLC analysis of thiols
Following derivatisation with the fluorogenic reagent SBDF, step-gradient HPLC with fluorescence detection was used to measure plasma total Hcy, Cys and glutathione (GSH) levels according to our established method (Dufficy et al. 2006 ).
PCR and SNP scoring for genotype
All subjects were scored for CTH-G1364T and CBS844ins68 polymorphisms using the polymerase chain Fig. 1 Simplified transsulphuration pathway showing the various components of relevance to this study reaction (PCR), followed by restriction enzyme digestion when necessary. Gel electrophoresis was used to visualise the results.
CTH-G1364T
Primers (sense-5 0 -AGG GAG CTC AGT CAA AGT GC-3 0 and antisense-5 0 -CAC CTC CTT CAG AGG CAA AC-3 0 ) were designed by online software Primer3 (http://frodo. wi.mit.edu/primer3/) and used to amplify a 401-bp amplicon. After digestion with the restriction enzyme EcoRI (NEB), the 1364GG wild type was uncut, leaving a single 401-bp band. The 1364TT homozygous recessive genotype was digested to yield two fragments of 265 and 136 bp (Li et al. 2008 ).
CBS-844ins68
Primers (sense-5 0 -CTGGCCTTGAGCCCTGAA-3 0 and antisense-5 0 -GGCCGGGCTCTGGACTC-3 0 ) were used to amplify a 184-bp amplicon. DNA from individuals without the insertion show a 184-bp product, whereas DNA from individuals heterozygous for the insertion show a 252-bp band in addition to the expected 184-bp product (Tsai et al. 1996) .
Blood pressure determination
Blood pressure measurements were taken on three discrete occasions over 6 months, and the average was taken as the subject's usual blood pressure. At each clinic visit, an individual's blood pressure was measured while they were in a recumbent position after they had been resting for at least 5 min (recumbent blood pressure). A standard mercury sphygmomanometer was used, and the first (systolic) and fifth (diastolic) Korotkoff sounds were recorded to the nearest 2 mm Hg. Two sets of readings were taken and averaged for each visit. Hypertension was diagnosed at an average systolic reading of[140 and/or diastolic reading of [90, and these were the values used to define clinical phenotype in this study (National Cholesterol Education Program Expert Panel 2002) .
Food frequency questionnaire for intake of B-vitamins
Estimated daily intake of nutrients was assessed by interviewer-administered food frequency questionnaire (FFQ). The questionnaire was extensive and covered 225 food items and every food group. Subjects also provided a list of all supplements they were taking and were asked about these during the FFQ interview.
The FFQs were analysed using Foodworks TM 2.10.146 (Xyris Software, Brisbane, QLD, Australia). The package uses food databases covering the majority of foods consumed by Australians. These include AusFoods (brands), AUSNUT (base foods) and the New Zealand-Vitamin and Mineral Supplements 1999 databases. A fuller description of the FFQ methodology is given in Lucock et al. (2012 
Statistics
Statistical analysis was performed using JMP (version 8.0; SAS Institute Inc., Cary, NC, USA). Associations between key variables and related parameters were examined using either standard least-squares analysis or, where nominal data were examined, logistic regression analysis that fits the cumulative response probabilities to the logistic distribution function of a linear model using maximum likelihood; the Wald v 2 test p value (p \ 0.05) acted as a significant indicator for screening effects. Descriptive statistics and odds ratios (OR) with 95 % confidence intervals (CI) have been calculated with data tabulated and presented as appropriate.
Stepwise regression analysis was performed in a mixed direction with significant probability (0.250) for a parameter to be considered as a forward step and entered into the model or considered as a backward step and removed from the model. Mallow's Cp criterion was used for selecting the model where Cp first approaches p variables. Table 1 shows descriptive statistics for the blood thiol metabolites, Hcy, Cys and GSH, dietary B-vitamins (94), and both systolic and diastolic blood pressure (mean and SEM). The table gives these data for all subjects, normotensive subjects and hypertensive subjects. A simple comparison of sample means following log 10 transformation of data shows that only Hcy exhibits a statistically significant difference between clinical phenotypes (p = 0.0399). Table 2 provides genotype prevalence, allele frequency and polymorphic allele carriage frequency for the entire population sample and for each clinical phenotype. Table 3 presents the OR with associated 95 % CI, indicating the degree and significance of the two polymorphic alleles under investigation as risk factors for hypertension. Clearly, neither CTH-G1364T (OR = 0.72: 95 % CI; 0.43-1.21) nor CBS-844ins68 (OR = 0.68: 95 % CI; 0.28-1.66) modifies risk of hypertension in the population as a whole despite apparently low OR. Furthermore, standard least-squares analysis shows that neither of these polymorphisms predict Hcy, Cys or GSH (p [ 0.05).
Results
However, when nominal logistic regression analysis is used to see whether any blood thiol-related variables predict hypertensive phenotype (Table 4) , it is clear that while Hcy is approaching significance for the population as a whole, only Cys and CTH-G1364T genotype predict clinical phenotype, and then only in female subjects (p = 0.0239 and 0.0178, respectively). The trend is for females with the hypertensive phenotype to have lower Cys levels than females with the normotensive phenotype (mean Cys 245.12 and 262.39 lmol/L, respectively). By comparison, males exhibit little difference in Cys level between the two clinical phenotypes (mean hypertensive Cys 256.47 and normotensive Cys 255.74 lmol/L). The trend for the CTH-G1364T polymorphic allele is towards a reduced frequency in females with the hypertensive phenotype (0.152) compared with that in the normotensive phenotype (0.376), although this effect does appear to be gender specific (see below). This suggests the possibility that Cys level and variant CTH-G1364T may protect against hypertension in females.
Nominal regression analysis also shows that dietary B-vitamins predict hypertensive phenotype: dietary synthetic folic acid and dietary vitamin B 6 are both associated with the hypertensive phenotype in females (p = 0.0249 and 0.0371, respectively), but not in males. The mean female intake of synthetic folic acid in the normotensive and hypertensive phenotype was 126.22 and 38.34 lg/day, respectively. The same indices in males were 124.50 and 170.62 lg/day, respectively. For vitamin B 6 intake, consumption in the female normotensive and hypertensive phenotype was 3.98 and 3.24 mg/day, respectively. The same indices in males were 4.10 and 4.14 mg/day, respectively. Clearly, both B-vitamins are lower in hypertensive female subjects than in normotensive ones.
No interactive effect was seen between vitamin B 6 and the two gene variants with respect to hypertensive phenotype. This is a valid analysis given that vitamin B 6 acts as a cofactor for the expression products of both genes.
The conclusions made for blood thiol-related variables may also be drawn from Table 5 , which shows results from standard least-squares regression analysis designed to see which thiol-related variables might predict recumbent systolic and diastolic blood pressure without reference to the standard categoric[140/90 mm Hg index. Clearly, Cys is once again highly predictive of blood pressure, particularly diastolic blood pressure: p and r 2 values are \0.0001 and 0.082; 0.0409 and 0.046; and\0.0001 and 0.113 for all subjects, males and females, respectively. In all cases, these are inverse linear relationships, again possibly indicating a potentially protective association between Cys and elevated blood pressure. Of the dietary factors that were examined in relation to recumbent diastolic and systolic blood pressure, only natural folate and vitamin B 6 showed a significant association (Table 5) . Natural folate was associated with both diastolic and systolic blood pressure in males (but not in females): p, r 2 and slope values were 0.0024, 0.0990 and 0.0237; and 0.0256, 0.0548 and 0.0267, respectively. There was a more general association for vitamin B 6 . In males, p, r 2 and slope values were 0.0052, 0.0846 and 1.3547, respectively, for diastolic blood pressure (systolic approaching significance), and for females, p, r 2 and slope values were 0.0178, 0.0409 and -1.6171, respectively, for systolic blood pressure.
Therefore, dietary B-vitamins, thiol metabolites and genes all appear to be factors associated with blood pressure. For completion, a stepwise regression model was used to examine all dietary, biochemical and genetic variables as predictors of (1) diastolic and (2) systolic blood pressure. Cys and CBS-844ins68 were significant predictors of diastolic pressure, and Cys, dietary natural and synthetic folate, vitamin B 12 and CBS-844ins68 were significant predictors of systolic pressure (Table 6 ). These stepwise linear models support the former analyses with respect to Cys, but not dietary vitamin B 6 . They additionally suggest that vitamin B 12 and CBS-844ins68 may be aetiologically relevant factors in the regulation of blood pressure.
Discussion
Relatively little work has been done on H 2 S and its relationship to hypertension in human populations. Given the importance of this clinical phenotype and our present findings, the current study may offer new insight into the molecular origins of elevated blood pressure. While endothelial NO is now well established as a critical component of endothelium-derived relaxation factor (EDRF), it is not the only component. H 2 S is also a vital component of EDRF and shares certain signalling modalities such as regulation via vasorelaxative hormones through the calmodulin and IP 3 pathways (Wagner 2009 ). Both the enzymes studied here are vitamin B 6 (pyridoxal-5 0 -phosphate) dependent, and so consideration should be given to this B-vitamin along with both folate and vitamin B 12 , which regulate the provision and utilisation of methyl groups for remethylation of Hcy. Precise control of the remethylation versus the transsulphuration of Hcy is under careful allosteric regulation by S-adenosylmethionine and S-adenosylhomocysteine (SAM/SAH) at the level of 5,10-methylenetetrahydrofolate reductase and cystathionine b-synthase. However, control at this nexus is also subject to dietary B-vitamin availability and genetic variation in key enzymes (Lucock 2000) . Indeed, it has been shown that at equimolar concentrations of cystathionine b-synthase and cystathionine c-lyase, the former enzyme is predicted to yield around 25-70 % of the total H 2 S produced by Fig. 2 Percentage of hypertensive individuals within each of the CTH-C1364T genotypes by gender transsulphuration, depending on the level of allosteric activation by SAM (Singh et al. 2009 ). The contribution of this haem-containing enzyme to H 2 S generation likely decreases under conditions of hyperhomocysteinaemia; gasotransmitter synthesis is relatively insensitive to Hcy, indicating that cystathionine c-lyase is largely responsible for enhancing H 2 S generation under conditions of hyperhomocysteinaemia. These findings, it has been suggested, point to an important new role for cystathionine c-lyase in the thiol metabolome and Hcy management (Singh et al. 2009 ) and, as the present data indicate, in contributing to a significant clinical phenotype associated with substantial rates of morbidity and mortality (Kearney et al. 2005; Reynolds et al. 2007; Inoue et al. 2007; Elliott 2005; Schultz et al. 2007; Paoletti et al. 2006; Parnetti et al. 2004; Zylberstein et al. 2004; Boushey et al. 1995; Zhou et al. 2001; Sutton-Tyrell et al. 1997; Nygard et al. 1997) . Since H 2 S is highly reactive and has long been considered as toxic, its impact on various tissues is well characterised, but with recent advances in our knowledge, implicating H 2 S in Alzheimer's disease, epilepsy and stroke (Gadalla and Snyder 2010; Gupta et al. 2010 ) as well as hypertension, future development of drugs specifically modulating H 2 S levels is likely to prove beneficial (Gupta et al. 2010) . Our data suggest an interesting effect of gender on the relationship between CTH-C1364T genotype and hypertension (Fig. 2) . This clear dichotomy may reflect hormonal regulatory control. Indeed, it has been demonstrated by others that testosterone elicits a nongenomic vasodilator effect that involves H 2 S and that this androgen modulates H 2 S levels by increasing the enzymatic conversion of Cys to form this gasotransmitter (Bucci et al. 2009 ). However, a precise explanation for the effect shown in Fig. 2 and Tables 4, 5, 6 remain unclear, but presumably, it must relate to some kind of hormonal effect linked to genderspecific gonadal steroids. Certainly, in males, as carriage of the mutant allele increases, so does the proportion of individuals with hypertension-an observation that would be consistent with progressively decreasing H 2 S production. However, beyond this obvious deduction, the counterobservation in females requires further explanation. The combination of regression approaches used suggests that Cys, dietary natural and synthetic folate, vitamins B 6 and B 12 , and both genetic variants (CTH-C1364T and CBS844ins68) are aetiologically relevant in the regulation of blood pressure. Further work is required to move beyond these associations to better understand the mechanisms involved.
Overall, the data from this study support a significant correlation between the thiol metabolome and the hypertensive phenotype. The key metabolite, Hcy, is significantly increased in hypertensive subjects, Cys is protective against elevated blood pressure, and CTH-G1364T genotype predicts the hypertensive phenotype in female subjects in a fashion that may be protective, but given the gender differences observed for this polymorphism, there is a possibility of a major hormonal component to this effect. This may arise from a putative interaction between androgen/oestrogen, H 2 S and functional changes in the enzyme protein conferred by the G1364T transition.
It is not surprising that vitamin B 6 may be relevant to this clinical phenotype given its role as cofactor at both the transsulphuration pathway enzymes-cystathionine b-synthase and cystathionine c-lyase. Folates drive synthesis of methyl groups needed to remethylate Hcy, and control the SAM/SAH ratio; so again, it is not too surprising that dietary folate has an impact on blood pressure. Indeed, methylfolate itself may have a direct effect on blood pressure via a mechanism independent of transsulphuration metabolites such as Hcy. It has been suggested that reduced folates may interact synergistically with tetrahydrobiopterin metabolism in the synthesis of NO by endothelial nitric oxide synthase (Hayden and Tyagi 2004; Moat et al. 2004; Stroes et al. 2000; Hyndman et al. 2002; Doshi et al. 2003 ) and as such help to maintain vascular wall elasticity. Taken collectively, the dietary, metabolite and genetic findings suggest a clear influence of H 2 S-related transsulphuration parameters on blood pressure and warrant further studies to better characterise this important new area of clinical significance.
Study limitations
A number of possible limitations have been identified and should be discussed for completion. These include a relatively small (n = 228) data set, although it is a fairly homogeneous one. Despite our small sample size, this retirement village population has generated interesting findings that would be worthy of further study in a larger cohort with more power to better tease out these and similarly related, novel nutrigenetic associations. The second obvious limitation is that while we provide a focus on H 2 S metabolism, we do not have any direct measure of this gaseous signalling molecule. Despite this, the biochemical correlation remains valid given the increasing evidence linking thiol metabolism to H 2 S and its subsequent regulation of blood flow and pressure. The final point to make is that while we measured native food folate (as methylfolate), we also measured synthetic folate (as pteroylmonoglutamate), which is variously added to the diet on a mandatory basis as well as being taken as a supplement via discretionary use. The widescale use of synthetic folate (see Table 1 ) justifies an examination of supplemental as well as food intake since increasingly there is a blurring in the way in which we receive this specific synthetic vitamer of folic acid. In the context of this study, methylfolate is entirely natural and not found in supplements. Vitamin B 12 is a nutrient of particular clinical concern in the elderly, giving increased problems relating to the vitamins bioavailability, and for this reason, food and supplemental use has been recorded. Vitamin B 6 data relate only to food intake and do not take account of supplemental use. This vitamin is not used as a supplement to the same extent as the former vitamins, and given the critical role of the vitamin as a cofactor for transsulphuration enzymes, it was felt that food intake represents the most stable estimate to examine as a variable in the present context.
The data presented link diet, genes and phenotype in a novel way. It is hoped that future studies will support and expand upon these findings.
Conclusion
The recent discovery of H 2 S as a new gaseous signalling component of EDRF that regulates vascular pressure has opened up a fresh avenue of research in pharmaceutical development, including, quite possibly, pharmacogenomic interventions. The present study has shown that key factors in the transsulphuration pathway that generate H 2 S are predictive of both hypertensive phenotype and diastolic/ systolic blood pressure. This study therefore furthers knowledge in this novel area, but also raises interesting questions in relation to gender-specific and wider nutritional effects.
